Escherichia coli lon mutants lack a major ATP-dependent protease, are sensitive to UV light and methylmethane sulfonate (MMS), and overproduce capsular polysaccharide. Evidence is presented that an activity (Alp), cloned on a multicopy plasmid, can suppress the phenotypes of Ion mutants. The sensitivity to UV and MMS is a reflection of the stabilization of the cell division inhibitor SulA, while the capsule overproduction arises through the stabilization of a transcriptional activator of capsule biosynthetic genes, RcsA. Multicopy alp (pAlp) suppressed capsule formation in Alon cells, and Alon cells containing the pAlp plasmid were resistant to MMS treatment. The MMS resistance of Alon pAlp+ cells correlates with an increase in the degradation of SulA to that found in lon+ cells. Lon-directed degradation of SulA was energy dependent, as was the increase in degradation of SulA in Alon pAlp+ cells. alp maps close to pheA, at 57 min on the E. coli chromosome. Although pAlp can substitute for Lon, cells lacking alp activity did not have the phenotype on a Ion mutant. This study demonstrates that at least one activity, when overproduced in the cell, can substitute for Lon protease.
Protein turnover serves as a regulatory strategy for cells during periods of changing conditions or environmental emergencies. When a crisis is encountered, the cell may require the rapid synthesis or elimination of specific gene products to permit survival. The cell can respond quite rapidly by regulating gene transcription through a variety of interesting mechanisms, but once a gene product is made it is generally long lived (10, 24) . After the cell has adjusted to the emergency and resumes normal growth, the emergencyactivated gene products can be gradually removed by dilution, provided that the accumulation is not harmful to the normal physiology of the cell. However, if these products must be rapidly cleared for normal growth, then some sort of inactivation of the gene products must occur along with the termination of their synthesis.
The most thoroughly studied proteolytic process in Escherichia coli is that which involves the ATP-dependent protease Lon. Mutations in Ion give rise to a pleiotrophic phenotype (for a review, see reference 10) . Two of these phenotypes, sensitivity to DNA damage and overproduction of capsular polysaccharide, can be explained as a direct result of the unavailability of Lon protein, resulting in the stabilization of two normally unstable proteins (10, 26, 29) .
When cells experience DNA damage (e.g., through exposure to UV light or methylmethane sulfonate [MMS] ), the SOS repair response in E. coli is activated, giving rise to the expression of specifically repressed genes (19, 31) . One expressed gene product is SulA, a cell division inhibitor which inhibits septation by interacting with FtsZ, a component of the cell division apparatus (13) (14) (15) . In wild-type cells, SulA is very unstable (with a half-life of 1.2 min). This normal instability of SulA permits the cell to resume cell division once the environmental stress has been alleviated. However, in Ion mutant cells, the SulA half-life is 20 to 30 min (21, 26) . The stabilization of SulA in Ion mutants results in irreversible filamentation and subsequent cell death (14) .
As is the case with sensitivity to DNA-damaging agents, overproduction of capsular polysaccharide is dependent on an unstable protein, RcsA (29) . The regulation of the capsu-* Corresponding author. lar polysaccharide genes (cps) occurs at the transcriptional level (30) . Ion+ (29) . On the basis of these observations, other protease activities that are capable of degrading SulA and RcsA must exist in E. coli. Increasing the activity of such proteases should lead to suppression of the Lon-phenotypes. We have screened fragments of the E. coli chromosome for those which, when present on multicopy plasmids, are capable of suppressing Lon-phenotypes. We have identified an activity capable of suppressing both sensitivity to DNA-damaging agents and capsule overproduction. Therefore, this activity, when present in excess in the cell, can mimic Lon.
MATERIALS AND METHODS
Bacteria and phage strains. The relevant bacterial and phage strains used are listed in Table 1 . Hfr strains and additional recipient strains with appropriate markers used for mapping were obtained from B. Bachmann (E. coli Conn.). The procedures for Hfr mating and P1 transduction have been described elsewhere (25) .
Construction of library and selection of Ion-complementing plasmids. Chromosomal DNA was isolated (28) from cells carrying a Alon-510 mutation (JT5100), partially digested with Sau3A (28) (10 mM Tris, pH 7.8, 150 mM NaCl) containing 0.1% sodium dodecyl sulfate and 1% Nonidet P-40. Suspended pellets were boiled, and aprotinin (0.1 U; Sigma Chemical Co.), phenylmethylsulfonyl fluoride (1 mM; Sigma), N-ot-tosyl-L-lysine chloromethyl ketone (100 ,uM; Sigma), and Ntosyl-L-phenylalanine chloromethyl ketone (100 ,uM; Sigma) were added to inhibit proteolytic activity. Anti-SulA antibody, negatively absorbed against total protein from a sulA E. coli strain, and Staphylococcus A protein (IgGsorb; Enzyme Center) were used to immunoprecipitate labeled SulA. Immunoprecipitates were analyzed by electrophoresis on sodium dodecyl sulfate-polyacrylamide gels (10 to 20% linear gradient gels). Fluorography with En3Hance (Dupont, NEN Research Products) followed by autoradiography was used to visualize the labeled protein bands. To determine whether alp activity required energy, the same procedure was followed except that at the time unlabeled methionine was added (chase), 10 (5, 6) . We wanted to determine whether the increase in degradation of SulA by pAlp required energy. The same procedure was followed as illustrated in Fig. 2A to D, except that potassium cyanide was added at the time of the chase td quench energy-generating systems. Inhibition of ATP generation by cyanide stabilized SulA in Ion' cells (Fig. 2E ). This result was expected, given the in vitro ATP dependence of Lon, and had been previously observed by D. Canceill and 0. Huisman (personal communication). The activity from pAlp that decreased the stabilization of SulA in A/on was also reversed by the addition of cyanide (Fig. 2F) . This result indicates that, like Lon, the pAlp mechanism requires energy to affect the stability of SulA.
These results, taken together, suggest that we have identified a gene which, when present in multiple copies, acts directly or indirectly to impart a Lon+ phenotype to the cell. The only component that the SOS system and the capsule system are known to have in common are unstable substrates whose stabilities are affected by Lon. Since multicopy alp suppresses the /on phenotype for both of these systems, alp may code for a protease which, when overproduced, is capable of degrading SulA and RcsA. It is also possible that the alp product may be a regulatory protein that increases synthesis of a protease or a site that titrates a negative repressor from protease genes.
Chromosomal alp mutants. The AKan inserts in pAlp were transferred to the chromosome by linearizing the alp-210:: AKan plasmid with a single restriction cut and transforming the linear plasmid DNA into a nuclease-deficient strain (3, 16 Proteolysis, combined with controls on gene expression, can serve as an important mechanism for the fine tuning of protein availability and plays a necessary role in the rapid response to emergency conditions and recovery from these emergencies (10) . In E. coli, Lon has been identified as a major, ATP-dependent protease. Ion mutants directly or indirectly affect the stability of at least two proteins in different global response networks, SulA and RcsA. In the absence of Lon, the stability of SulA interferes drastically with the ability of the cell to recover from even mild DNA-damaging treatments. Capsule synthesis in the absence of Lon is carried out at a rate too high for rapid cell growth. The residual turnover of SulA, RcsA, and many abnormal proteins in cells devoid of Ion, as well as the continued rapid turnover of unstable lambda proteins unaffected by lon mutations (10, 21) , suggests that proteases other than Lon must be present in E. coli. Identification of the natural cellular substrates of these proteases will be an important step in understanding the full possibilities for regulation by proteolysis. In addition, some foreign proteins cloned into E. coli are unstable; while lon mutations have some stabilizing effect on this degradation, residual degradation is frequently significant (for a review, see reference 24). We reasoned that we could identify other activities which may overlap with Lon in substrate specificity by overproducing these activities in the cell. A function coded for by the Alp plasmid and inactivated by insertions at one site within the plasmid can increase degradation of the SulA protein. The easiest way to explain this effect is that a limiting component of a protease, normally with only limited ability to degrade SulA or RcsA, is coded for by the alp gene. If so, it would seem that this protease is not normally essential for cell growth, since transfer of the alp-210: :AKan mutation into the chromosome was easily accomplished. Similarly, if a positive activator for a protease or proteases were present on the plasmid, mutations that inactivate it might be defective for the protease when present on the chromosome but might still give significant levels of activity. However, we have not yet identified an alp product, although numerous attempts have been made by using maxicell analysis and in vitro transcription-translation systems. It is possible that a site rather than an open reading frame for a protein is on the plasmid and is inactivated by the alp-210: :AKan insertion. If a site for a negative regulator were on the plasmid such that a protease repressor were being titrated, it might not be surprising to find that inactivation of the single site on the chromosome had no phenotype. Since five AKan insertions which inactivate alp appear to be at the same point in the plasmid, as determined by restriction mapping (possibly reflecting a transposon hot spot), we cannot rule out a site. The absence of lon phenotypes in lon' cells carrying the alp-210::AKan insertion in the chromosome demonstrated that alp is not necessary for Ion synthesis or activity and that lon does not act indirectly by activating or increasing synthesis of alp.
What might alp do for the cell? No known proteases or suspected proteases of E. coli for which genes have been identified correspond to alp (10, 17, 24) . If we assume that alp is a component of a new protease, the absence of dramatic phenotypes may suggest that its natural substrates are not detected under ordinary growth conditions. SulA, for instance, is a lethal Lon substrate, but the Lon effect on SulA is not visible until induction of synthesis by DNA damage. If alp substrates are the members of other emergency-response systems, the detection of a phenotype may
